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FOREWORD

T™is report presents work accomplished by The Boeing Company during the first

uarter Ju.ll\/ 1 ) to Cctober 1 > 19‘16 , On "Ar 1alvtical Study of Nonmetallic Parts
q b o R
ures " ’ NAZA contract NAZ 2.1 ro /! .i -

The work 1s administered bty the George C. Marshall Cpace Flight Center, P&VE

Laboratory, Huntsville, Alabama. The NASA Technical leader is Mr. Carl 2. loy.

Performance of tris contract is under the direction of the Structural Development

Unit, Spacecraft Mechanics and Materials Technology, Space Mvision, of The
Boeing Company. Mr. C. F. Tiffany is Program Cupervisor and Mr. D. H. Bartlett

is Program leader.

NOTE

Pecause tris 1s a progress report, information contained herein is tentative

and subject to changes, corrections, and modifications.
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1.0 INTRODUCTTION

The objective of this investigation is to determine the applicability of fiber
reinforced plastics in spacecraft and launch vehicle structural components,
with particular interest in the use of this type of structure to support
cryogenic tanks. An additional objective is to compare the merit of these
components with metallic parts of the same functional design. A survey of
literature from past and current programs will te made to assemble information
such as properties and methods of fabrication essential to the deslzn phase.
Parts will be desioned utilizing the inherent advantages of reinforced plastic
siructure and comparisons made with designs of metallic parts. A guantity of
parts will be fabricated and subjected to destructlion tests intended to prove

their snitability for the application selected.



2.0 SUMMARY OF WORK ACCOMPLICHED

The first month of contract effort was devoted to compiling Boeing and indus<try
data on:
1. Thysical and mechanical proverties of rlasses. resins, composites,
and adhesives
2. Structural analvsis techniques
3. TFabrication methods
L, Effects of space ‘envirorments on stability and mechanlical properties
of composites and adhesive systems.
5. Applications of flber reinforced structure related to the scope of

interest of this program.

Upon completion of the survey certain materials were singled out for possible
use in this program. These are:

Roving or Yarn Reinforcements (unidirectional tapes)

“cotchply XP-2340 Prepreg. {7-994 glass)
Scotchply XP-2519 Preprez. ("-794 glass)
U. 9. Polymeris =-T37 Prepres. (T-G9% glass)

Glass Fabric Reinforcements

181 cloth, 7-994, glass fabric prepreg. (BM3 “-79)
(Narmco SO0, UTP <777, 3M ¥DL192, <P =707)

Wet layup Resin “ystems

TRLA 2266/77ZLB 0820 (Epoxy)
EPON P2¢/MNA (=poxy)

TRLA 0510/77L 0503 (Fpoxy)

Adhesiggi

Nermco T343/7139 (polvurethane)

Goodyear 3-207 {polvester) possibly used as a primer for Narmco T343.

Phenolic-Tolramide 1iquid or tape with wlass fabri» carrier (EMO 7-30 op €.17)
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npoxy-Polyamide liguid (BM3 5-29)

Rei{nforcement

=994 fi{berglass yarn or fabric

Structural properties of composites to be used in desirn were taken from results
of the Reference 1 contract. An example of room temperature properties is given

ir Table I.

The value marked with the asterisk has been arbitrarily reduced, bhased on Roeing
data from similar composites. This sppears reasonable since the compression

and flexure values for the 1581 cloth in parallel and normal directions are
nearlv equal and in close agreement with: Boeing data (Reference 2). The
additional column entitled "edgewise shear” has been added from Reference 2.
These values are used in design of the shear web of beams, rather than inter-

laminar shear values,.

Trree general types of structural elements were selected for design. These

are (1) pure tension members for crrogenic tank supports, (2) compression struts
for cryogenis tank supports, and (3) beams for pavload packages (noncrvogenie).
For the first item, member loads and lenvihs for desimsn are taken from results
of the Reference 3 contract. Two tension ;ember end confisurations are bheing
considered in design. These are the laminated "foil"” and "axe handle" concepts.
Members of rouand and flat cross sectlons are being studied. The flat parts
appeay simplest to manufacture, however, the round parts should provide the
least thermal interaction with multilarer insulation on cryogenic itanks. The
lengths of interes! for compression strats are in the range of 20 to 30 incles.
Original estimates of ultimate loads for these members were 250C to 5000 lbs;
heowever, study has shtown that fiberglass reinforced columns in these lengths
onlv show weight savings over metallic materials wher li~rls loaded, i.e.,
12,000 pounds or more for a 20 inch member. The compression struts will be

desizned as tubular members with pinned ends.
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A preliminary analysis of beam construction has been completed. Beams with
sandwich web, truss webs, and stiffened wehs were <cnsldered 1o determine the
least weight approach. WNo attempt was made to optimize the beam sections for
each type of construction so the results should be treated as generalizations
only. The results show that the sandwich weh approach yields the most efficient
design over the load range of interest. A computer optimization of this

method of beam construction has been started. Various cross sections, spans

and loading will be analyzed. A high strength sluminum beam will also be

analyzed and comparisons made to show the range of spans and loading where

flberglass consiruction has a weight advantage.
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3.0  ANALYTTCAL APFROACH

Round Tubes in Compression (Reference 4 )

The optimum design of tubular members Iin compression assumes the simlianecus

failure in lateral buckling and local crushins.

The critical column buckling stress Fc is calculated from the Zuler col:mn

formula by replacing the elastic modulus "% wiih the tangent modulus "Et"
giving: A
c - 7,
Fo = === (1)

mul<iplving both sides by a F = P /A relationship, substituting tube
geometrical properties, and the expression Le = L/ V& results in the following

equivalent eguation:

A T ",

f o
F,” = —p— xD/tx P/LS (2)

P/Le2 is called the structural index for a column, recardless of degree of

end fixity, where L. equals the effective column length.

The allowable local crushing stress of the tube should be determined by test.
When test data is not avallable, the crushing stress is conservatively

estimated by
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By equating the crushing stress Lo the buckling stress an optimum value of

D/t for the column is obtained:

32K? 12
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LAl ?/L,"
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D/'C =

It is {nteresting to note that the term Et cancelled out, leaving only the

elastic modilus, %, in the optirmm relationship.



The meximum stress that can be developed in a tubular column may be found
by substituting the volue for optimum D/t from Fguation (4) into "guations

(2) or (3) riving:

1
3 , kT e E7t3'/2
;c = P/Lve X h .
and rearrancing terms
) 4 3
P/L. S = ~—er— (5)
© K TV E< E+?—’7§

For a given material Et is a known function of stress and ®guation (5) may
be plotted as a curve of stress versus P/Leg. To allow weight comparisons,
the stress can be divided by material density and plots prepared as shown in

Fi{gure 1. It can be seen that the "~-glass tube shows a significant weight

advantage over high strength aluminum in the region of P/’Le2 :)30.

Prior to the evaluation of O-glass for tubular columns the data from Reference 1
was reviewed. Fage 24 shows typical load strain curves for bi-directionsal
filament wound specimens in tension. Room temperature curves show there is
little plasti~ity encountered before failure, It has been assumed that load-
ine in compression would demonstrate similar stress strain relationships.
Therefore, the calculations for S-glass in Figure 1 were performed assuming

=Ty and the column curve would be as shown in Tigure 2 below:

w
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The tube buckling test data from Reference 1 was analyzed to determine i
the factor K = .25 is wvalid for use in tlre local tbe crusning formula. The

results of trese tests and calculations are stown in the followina table,

r ~ F F ¥
cu i cu K cu col
- 2] 2] : ; L, D
commomon | LIV | RS /T LB3/IN 185/ TIF LB/ TN
R STATIC SHORT TUBE ~OI.UMN CALCULAT=D
5-Glass ‘
%-T8T Resin | 87,445 | 5.002 x 10~ £5,300 377 | 42,550 43,708
BFW
C=((lass £
T-TAT Resin | 58,225 | 3.062 x 10 2,540 .307 | 25,200 24,759
181 -Fabric
I
(::) Fcu = {1t. Compression “tress - Lower tolerance limits at 2G98°K
Ref. 1, Page 10f% Parallel Direction
= = Tension Young's Modulus - Parallel Direction
(::) Min. Test Values of Three 3pecimens, Reference 1, page P09,
Tube Length = 1.5" Inside Diameter = 1.395"
wall Thickness = .05"
(::) Min. Test Values of Three lpecimens, Reference 1, pace 210,
Tube Lensth = 17", Pinned #nds, Inside Diameter = 1.3731",
Wall thickness = .0S"
® M2 e/ ()00
falcnule = E “uler Colu
‘alculated Fo1 ([./o) ler Column
= = s / © = =
(::) Assume Fcrusbing Fou short tube K% t’R<‘t )

The rcalculations show that the value of K = .25 is conservative for S-glass
tube cruching design. The last two items (Fcu and Fco]) were included to show
the correlation between calculated Tuler column stiresses and actual failure

stresses from the tube tests.

{1




It was shown from Reference 1 data that plasticity in tensile tests was

=

insiunificant, however, no comprecsive load strain deta was found in the
literature survey to verify the assumption for columms. It is apparent from
Figure 1 that if this material does not show plasticity in compression, as

t
the other materials do, a substantial (XU 35%) weteght reduction over the

other matertials is possible in the region of P/Le2 :>'100. This assumes that
the Fuler column formula 1s valid until uvltimate compression is reached, as
shown in Fizure 2, provided the tube walls are thick enough to prevent local
crippling. It is Boeing's opinion that compression struts in this reglon of

ol
P/Le“ should be fabricated and tested.

“ince minimum heat leak is another item of interest, the thermal conductance
of tubular columns for the full range of P/Lp2 was calcularted for all materials.
The fiberglass reinforced plastic structure provided by far the lowest

conductance of any of the materials listed.

Beams

The initial elastic buckling ot flat plates in shear is given by

p
™ “K ® .,
T 2 (/)" ()
12(1- )
where 77 = shear stress
K, = plate buckling coefficient
® = elastic modulus

A = Polsson's ratio
b = short side of panel

t = sheet thickness

To include nonelastic as well as elastic buckline, © can be replaced by

1
(= x Et)p where Qt = tangent mod:lus of the material compression stress strain

curve at a compression stress = 2 ¥ )7 (maximum shear stress theory).

-




The average shear stress on the plate is:

7’ = q,-'/t

—~

_—
~

—~—

where g 1Is the average shear flow applied to the plate.

ubstituting Fyuation (7) into (€) and solving for gq/b eives
i
~T 2 ~
p (1. 3/2
o/b = (B T , ()

AT L\
K, (2 x Et)

The term g/b is the loadirg index for flat plates L(n shear.

Values of q/b can be ecnlculated for various materials and comparisons can be
made by plotting versus 7'//0 ( P = density). A high value of 77 /e is
desirable for low structure welght., Figure 3 shows 7"&;: versus q/b for
some materials, including fiberelass clothk. It can be seen that the 181
S-glass cloth with =T8T resin does not appear as efficient as aluminum or
magnesfum for larve panel slzes or for low load. However, for hish loads or
small panel sizes (i.e., honeycomb sandwich) the 181 7-2lass cloth web can
show some advantage. The curve for the flberglass web was prepared usingz -
2s a constant and asswuming isotrople properties. Reference 1 data shows some
plasticity effects in tensile tests for clotl and it is lorical to assume the
same 1s true in shear. In practice then, tris plasticity would cause some
rounding off of the curves at high values of g/b, similar to the other
materials. An examination of the curves of Figure 3 shows that slgnificant
weirht savings are not possible with {fiberglass cloth webs in pure shear

applications.

Since & beam is primarily a combination of a shear web and ~olumn members for

chords, some conclusions can be drawn from the study of these simpler members.

It was shown in tre foregoirg analvsis that fiberclass provided a slight

weight advantage over 7075-T¢ in the region of high q/b velues, using »

/3
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Foreycenmb webh, From the columm studv it was abown that the “iberclass member
appeared to offer weight savings for the hishlv loaded or short rcolimns.

It can therefeore be concluded that a least welght fiberglass beam stould be
constructed with troneycomb shear webs and chord members that are well stabilized
both laterally and vertically. Tfis would tend to rule out truss type webs
where clord memhers are unsupported hetween truss members and intermediate

shear webs where chords may buckle inward.

To bear out these conclusions, a preliminar, analysis of three itypes of "I"
beam construction was made. The *vpes of construction were (1) sandwi-h web,

= 3\

(2 stiffened web, and {3) “russ web, “everal desiens for each type of
construction were considered and sketches of these are shown in Figures 4, 5,
o, and 7. Varishles in the study were beam span, depth and loading. Figures 3
and 9 chow the results of ‘his study in terms of beam weight for two span
lengths and various methods of construction. The truss web concept selected
was the one described in Figure ‘. All the concepts shown in Figure 5 were
rejected because analysis showed that with alternates 1 and 2, the truss
members were prohibitively heavy to prevent buckling and with alternate 3,
design and fabrication were complex. Both the intermediste shear and shear
resistant web ~oncepts are as typified in Figure 7. Tke boneycombh web design
selected was alternate 2 in Figzure 4. Alternate 1 was rejected because it

was difficult to load »oth unidirectioral filament flances due *to low shear
modulus of the HRP core, Alternate 3 appears acreprable for higher loads,
however, for thre load ranges considered onlv a small gquantity of unidirectional

filaments were reqguired which, if spread out in the form of a flanze, would

ineur instatility problems.

From the curves of Figures 8 and 9, i1t can be seen that the honeycomb web
construction method yields the least weight for the lonzer spans considered

and the shear resistant web for the shorter spans. ¥or the shorter spans, tle

/S
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honeycomb web approach was only slightly heavier.

From this preliminary investigation it became apparent that the variation of
welght with various methods of construction may not be great if each approach
was optimized. For instance, for the 5000 1b load case and ©0G-inch span. the

maximum beam weight was only 17% higher than the minimum.

The major problem in desiuzn was to prevent failure due to lateral buckling.
Unidirectional fibers were used in the chords and these fibers lLave an

F=7.95 x 106 which is lower than aluminmm, yet thelr ultimate strength ir
compression 1s 150,000 psi (Reference 1). As a conseguence, it is difficult

to stabilize the chord members in compression while working at this trigh stiress
level. In the beam sizes lnvestigsted, only a very smell cross section of
unidirectional fibers were required, and for stabilitv, it was necessary to

add honeycomb flanres which in turn resulted in increased weight. It can be
concluded that to show a substantial welght adventage over aluminum construction,
beams of considerably greater load capacitr (over S000 1bs) where more uni-

directional flange filaments are used, must be considered.

Box beams would provide good lateral stability but design loads should be
even greater than for the "I" section for equivalent weight. This is due
largely to the increased web area of a box beam necessitated by minimum zages
and the construction features of a honeycomb web design. It is believed that
certain features of "I" bemms such as eagse of attachtment to flanges and

simpler construction gives this approach an advantage over box desisns.

It is planned to optimize the "I" section beam, with horevcomb web constructior,
for loads up to 20,000 1lbs and spans to (0" through use of a computer procram.
The optimum S-glass besm will be compared to aluminum construction using the
same desizgn criterie and prozram. The beam geometry that is found to offer the

most potentfal will then be used in fabrication and testing of a flberzlass pert,
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